Abstract Purpose: This study tested the hypothesis that the type of dose fractionation regimen determines the ability of radiotherapy to synergize with anti-CTLA-4 antibody. Experimental Design: TSA mouse breast carcinoma cells were injected s.c. into syngeneic mice at two separate sites, defined as a "primary" site that was irradiated and a "secondary" site outside the radiotherapy field. When both tumors were palpable, mice were randomly assigned to eight groups receiving no radiotherapy or three distinct regimens of radiotherapy (20 Gy × 1, 8 Gy × 3, or 6 Gy × 5 fractions in consecutive days) in combination or not with 9H10 monoclonal antibody against CTLA-4. Mice were followed for tumor growth/regression. Similar experiments were conducted in the MCA38 mouse colon carcinoma model. Results: In either of the two models tested, treatment with 9H10 alone had no detectable effect. Each of the radiotherapy regimens caused comparable growth delay of the primary tumors but had no effect on the secondary tumors outside the radiation field. Conversely, the combination of 9H10 and either fractionated radiotherapy regimens achieved enhanced tumor response at the primary site (P < 0.0001). Moreover, an abscopal effect, defined as a significant growth inhibition of the tumor outside the field, occurred only in mice treated with the combination of 9H10 and fractionated radiotherapy (P < 0.01). The frequency of CD8+ T cells showing tumor-specific IFN-γ production was proportional to the inhibition of the secondary tumor. Conclusions: Fractionated but not single-dose radiotherapy induces an abscopal effect when in combination with anti-CTLA-4 antibody in two preclinical carcinoma models. (Clin Cancer Res 2009;15(17):5379-88) Ionizing radiation therapy is an effective tool for local tumor control, and plays an important role in the treatment of breast and other cancers. In the setting of metastatic disease, however, the role of radiotherapy is generally limited to palliation of symptoms. We have previously proposed a partnership between local radiation and immunotherapy in the treatment of cancer (1). Recent evidence that radiation induces an immunogenic tumor cell death and alters the tumor microenvironment to enhance recruitment of antitumor T cells supports the hypothesis that radiation can enhance both the priming and the effector phase of the antitumor immune response (2-5). Clinical observations consistent with this hypothesis, however, are very rare. One such observation is known as the "abscopal effect" and refers to tumor regression seen outside the field of radiation, implying an indirect antitumor effect induced by local radiotherapy (6-9). The paucity of evidence that radiotherapy can promote therapeutically effective antitumor immunity is not surprising, considering that successful vaccination often does not translate into clinical tumor responses (10). Development
Ionizing radiation therapy is an effective tool for local tumor control, and plays an important role in the treatment of breast and other cancers. In the setting of metastatic disease, however, the role of radiotherapy is generally limited to palliation of symptoms. We have previously proposed a partnership between local radiation and immunotherapy in the treatment of cancer (1) . Recent evidence that radiation induces an immunogenic tumor cell death and alters the tumor microenvironment to enhance recruitment of antitumor T cells supports the hypothesis that radiation can enhance both the priming and the effector phase of the antitumor immune response (2) (3) (4) (5) . Clinical observations consistent with this hypothesis, however, are very rare. One such observation is known as the "abscopal effect" and refers to tumor regression seen outside the field of radiation, implying an indirect antitumor effect induced by local radiotherapy (6) (7) (8) (9) . The paucity of evidence that radiotherapy can promote therapeutically effective antitumor immunity is not surprising, considering that successful vaccination often does not translate into clinical tumor responses (10) . Development of tolerance and immunosuppression in tumor-bearing hosts have been identified as major obstacles to the success of immunotherapy in general (11) and may also impair the immunemediated abscopal effect induced by radiation (12) .
With the use of 4T1, a syngeneic mouse breast cancer model that spontaneously metastasizes systemically soon after implantation, we have previously shown that local radiotherapy to the primary s.c. tumor induces a CD8 T-cell-mediated immune response inhibiting lung micrometastases when combined with a strategy of blocking the CTLA-4 receptor to overcome T-cell tolerance (13) . In this model, CTLA-4 blockade as single modality did not significantly inhibit lung metastases or extend mice survival. The strength of the CD8 antitumor T-cell response triggered by radiotherapy and CTLA-4 blockade was regulated by invariant natural killer T cells and, in a fraction of the mice, was sufficient to cause the complete regression of the well-established primary irradiated tumor (14) . The latter was facilitated by radiation-induced release of CXCL16, a chemokine enhancing the recruitment of activated CD8 cells to the irradiated tumor site (5) .
Before translating these findings to the clinic, we elected to explore whether different dose-fractionation regimens have an influence on the abscopal effect observed. We chose the TSA breast cancer and the MCA38 colon cancer mouse models to test whether radiotherapy to one tumor nodule in combination with CTLA-4 blockade can induce an immune-mediated abscopal effect in a second, palpable tumor nodule outside the radiation field. A single large dose and two fractionated radiotherapy regimens had similar ability to control tumor growth at the irradiated primary site but had no effect on the secondary tumor outside the treatment field. CTLA-4 blockade as single modality did not have any effect on either tumor. However, when CTLA-4 blockade was combined with radiotherapy, there was enhanced inhibition of the primary as well as the secondary (abscopal effect) tumors. Regression of the secondary tumor was proportional to the frequency of tumor-specific T cells, consistent with an immune-mediated effect. Surprisingly, in either model, the abscopal effect was seen with either fractionated, but not with the single-dose radiotherapy regimen. Overall, these data support testing the combination of radiotherapy with immunomodulatory antibodies in patients with metastatic disease, and suggest that the schedule and dose per fraction of radiotherapy may be critical determinants of its ability to synergize with immunotherapy.
Materials and Methods
Mice. Six-to-eight-week-old BALB/c and C57BL/6 mice were obtained from Taconic Animal Laboratory (Germantown, NY), and maintained under pathogen-free conditions in the animal facility at New York University Langone Medical Center. All animal experiments were done according to protocols approved by the Institutional Animal Care and Use Committee of New York University.
Cell line and reagents. TSA is a BALB/c mouse-derived poorly immunogenic mammary carcinoma cell line (15) and MCA38 is a C57BL/ 6 mouse-derived poorly immunogenic colon carcinoma (16) . TSA and MCA38 cells were cultured in DMEM (Invitrogen Corporation, Carlsbad, CA) supplemented with 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 × 10 -5 mol/L 2-mercapthoethanol, and 10% fetal bovine serum (Gemini Bio-Products, Woodland, CA; complete medium). These cells were found to be free of contamination by Mycoplasma by a Mycoplasma detection kit (Roche Diagnostics, Chicago, IL). Anti-CTLA-4 hamster monoclonal antibody (mAb) 9H10 was purified as previously described (13) .
Tumor challenge and treatment. BALB/c and C57BL/6 mice were injected s.c. with 1 × 10 5 TSA and 5 × 10 5 MCA38 cells, respectively, in the right flank on day 0 (primary tumor) and in the left flank on day 2 (secondary tumor). Perpendicular tumor diameters were measured with a vernier caliper, and tumor volumes were calculated as length × width 2 × 0.52. On day 12, when both tumors were palpable (average volume for TSA: 32 and 21 mm 3 for primary and secondary tumors, respectively; average volume for MCA38: 50 and 25 mm 3 for primary and secondary tumors, respectively), animals were randomly assigned to various treatment groups as indicated. Radiotherapy was given as previously described (13) , with some modifications. Briefly, all mice (including mice receiving mock radiation) were lightly anesthetized by i.p. injection of Avertin (240 mg/kg); mice were positioned on a dedicated plexiglass tray, and the whole body was protected by lead shielding except for the area of the tumor to be irradiated. Radiotherapy was delivered to a field, including the tumor, with 5-mm margins through the use of a Clinac 2300 C/D linear accelerator (Varian Medical Systems, Palo Alto, CA) fitted with a 25-mm radiosurgery conical collimator (BrainLAB AG, Feldkirchen, Germany), which is designed to deliver very sharp and limited radiation dose fields. Superflab bolus (1.5 cm tissue equivalent material) was placed over the tumor, and a source-to-skin distance of 100 cm was set. Radiation was delivered at 600 cGy/min with 6 MV X-rays. Mice received a single dose of 20 Gy, three fractions of 8 Gy, or five fractions of 6 Gy in consecutive days (Fig. 1) . CTLA-4-blocking mAb 9H10 or vehicle (PBS) was given i.p. at a dose of 200 μg/mouse (10 mg/kg) on days 14, 17, and 20. In some experiments, 9H10 was given on days 12, 15, and 18; days 14, 17, and 20; or days 16, 18, and 21, as indicated in the figure legends. Tumor growth was evaluated every 2 to 3 d until day 35. All mice were sacrificed on day 35, and the tumors harvested and weighed.
Immunostaining of tumor sections. Tumors from treated and untreated mice were harvested on day 35 post tumor inoculation, fixed for 1 h at 4°C in 4% paraformaldehyde followed by overnight incubation in 30% sucrose, and frozen in optimum cutting temperature medium. Sections (8 μm) were incubated with 0.1% Tween 20 and 0.01% Triton X-100 for 20 min, followed by 4% rat serum in 4% bovine serum albumin/PBS for an additional 30 min. Sections were stained with PE-Texas Red-conjugated rat anti-mouse CD4 or Phycoerythrin (PE)-conjugated rat anti-mouse CD8α (Caltag, Carlsbad, CA), and counterstained with 5 μg/mL 4′,6-diamidino-2-phenylindole (Sigma).
Translational Relevance
Therapeutics targeting immunomodulatory molecules to enhance antitumor immunity, such as the CTLA-4 inhibitory receptor on T cells, are being tested in clinical trials. When used as single agents in metastatic disease, their activity is generally limited to a small fraction of patients, prompting testing in combination with other treatment modalities.
We have previously shown that local radiotherapy combined with anti-CTLA-4 antibody induces effective systemic antitumor responses (abscopal effect). Importantly, the preclinical definition of optimal dose and fractionation of radiotherapy when used in combination with anti-CTLA-4 antibody is an important step to inform the correct design of a clinical trial that translates this experience to patients. The findings reported here indicate that the specific radiotherapy regimen used is a critical determinant of the success of the combined treatment.
Images were obtained with the use of a Nikon Eclipse 800 deconvolution microscope. The number of CD4 and CD8 T cells was counted in three randomly selected (×20) fields in each tumor.
Ex vivo production of IFN-γ by spleen cells. Spleen cells (1 × 10 6 ) from TSA tumor-bearing mice were cultured in 24-well tissue culture plates with 2.5 × 10 5 irradiated (20 Gy) TSA cells for 24 h in 1 mL fresh RPMI 1640 supplemented with 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 50 μmol/L 2-mercapthoethanol, and 10% fetal bovine serum (T-cell medium). The supernatants were collected and stored at -80°C. IFN-γ was measured in cell-free supernatants of duplicate wells by ELISA (Diaclone Tepnel, Lifecodes Corp., Stamford, CT). Tumor-specific IFN-γ production was calculated by subtracting the background values measured in supernatants of spleen cells cultured with medium alone.
Flow cytometry analysis of IFN-γ-producing CD8 T cells. For in vitro restimulation, 3.5 × 10 6 spleen cells from TSA tumor-bearing mice were cultured with the TSA-derived immunodominant CD8 epitope AH1 peptide (SPSYVYHQF; 1 μmol/ml; ref. 15) , whereas spleen cells from MCA38 tumor-bearing mice were cultured with 1 × 10 6 irradiated (50 Gy) MCA38 cells. After 5-d culture in 24-well tissue culture plates in 2 mL T-cell medium supplemented with 10 U/mL human recombinant interleukin 2 (provided by the National Cancer Institute Biological Resources Branch Preclinical Repository), the percentage of CD8 T cells producing IFN-γ was determined. Briefly, T cells were cultured for 16 h with irradiated TSA or MCA38 target cell, or with irrelevant target RMA-S Ld cells preloaded with mouse cytomegalovirus peptide (17) at 1:1 ratio in the presence of 1 μL/mL Brefaldin A, washed and incubated with rat anti-mouse CD16/CD32 mAb (2.4G2) to block nonspecific binding, and then stained with CD8α-PE-Cy5 and IFN-γ-FITC, or control antibodies according to the manufacturer's instructions (BD Pharmingen). Cells were analyzed with the use of a FACScan flow cytometer and FlowJo version 8.7.1 (Tree Star, Ashland, OR).
Statistical analysis. Random regression coefficients were used to model log tumor volume and log tumor weight as functions of elapsed time from treatment onset and to compare treatment regimens with respect to tumor growth rate. Separate analyses were conducted to assess the effect of treatment on the growth of primary and secondary tumors. The logs of tumor weight and of tumor volume were used in place of the observed data to better satisfy underlying distributional assumptions, and because changes over time in tumor volume and weight were well approximated as log-linear. The use of random regression coefficients permits a separate tumor growth curve to fit the data from each animal. The treatments are then compared on the basis of aggregate tumor growth models; for a given treatment, the aggregate growth model is a single curve describing the average change in tumor volume among animals receiving the treatment. The models for predicting log tumor weight or volume each included the level of radiotherapy exposure, and the variable identifying whether the animal received PBS or 9H10 as fixed classification factors and as terms representing the interaction of these factors. The models also included time from treatment onset as a numeric factor and terms representing the interaction of time with treatment. To account for statistical dependencies among data derived for a single animal, the covariance structure was modeled by assuming the observations to be correlated only when acquired from the same animal. All reported P-values are two-sided and were declared statistically significant at the 5% level. The statistical computations were carried out with the use of SAS version 9.0 for Windows (SAS Institute, Cary, NC).
Results
Fractionated but not single-dose radiotherapy synergizes with anti-CTLA-4 antibody in the TSA breast cancer model. We have previously shown in the 4T1 mouse model of metastatic breast cancer that local radiotherapy in combination with CTLA-4 blockade induces an antitumor immune response inhibiting systemic growth of micrometastases (13) . To determine whether the induced antitumor immune response could be effective against larger "metastatic" tumor nodules, we used the TSA mouse mammary carcinoma cells injected at two separate sites, as illustrated in Fig. 1 . Similar to 4T1, TSA is a poorly immunogenic carcinoma with ability to shed spontaneous metastases. In contrast to 4T1, however, TSA cells metastasize with a delay of a few weeks from initial implantation (18) , providing a window during which the potential effects of the spontaneously shed tumor cells on the growth of the two s.c. implanted tumors are negligible. To mimic the clinical setting in which radiotherapy is applied to the largest (symptomatic) nodule, the site designated as "primary" and receiving local radiation was injected 2 days earlier than the "secondary" site outside the field of radiation. On day 12, when both tumors were palpable, mice were randomly assigned to eight treatment groups receiving mock radiation, one dose of 20 Gy, three fractions of 8 Gy, or five fractions of 6 Gy to the primary tumor (Fig. 1) . CTLA-4-blocking mAb 9H10 was given to half of the mice in each radiation group thrice, on days 14, 17, and 20.
In the absence of radiotherapy, 9H10 administration did not have any effect on either primary or secondary tumors (Fig. 2) . Radiotherapy as single modality caused significant growth delay in the primary tumor that was comparable with all regimens used but had no effect on secondary tumors ( Fig. 2A) . Radiotherapy and 9H10 showed a significant interaction (P < 0.001) on the primary tumor growth only when given in three fractions of 8 Gy and five fractions of 6 Gy, causing enhanced tumor inhibition in comparison with radiation alone and complete regression in the majority of mice (Fig. 2B, left) . Importantly, growth of the secondary tumors was significantly inhibited (P < 0.01) only in mice treated with fractionated but not single-dose radiotherapy in combination with 9H10, and ) into the right (defined as "primary" tumor) and left (defined as "secondary" tumor) flank on days 0 and 2, respectively. Ionizing radiation was given locally, exclusively to the primary tumor with the rest of the body shielded, in a single dose or multiple fractions given in consecutive days starting on day 12. CTLA-4-blocking mAb 9H10 was given i.p every 3 d, thrice starting on day 12, 14, or 16 as indicated. Primary and secondary tumor volumes were measured until day 35, at which time mice were sacrificed and the tumors weighed.
in two mice treated with three fractions of 8 Gy, the secondary tumor completely regressed (Fig. 2B, right) .
These data indicate that different radiation regimens causing similar direct effects in terms of growth inhibition of the irradiated tumor convey a different propensity to induce an abscopal effect in combination with CTLA-4 blockade.
Effect of anti-CTLA-4 antibody administration schedule on TSA tumor inhibition in mice treated with radiotherapy. To determine whether the time of administration of 9H10 mAb relative to radiotherapy could play a role in its ability to induce an abscopal effect, 9H10 treatment was started on different days. As single modality, administration of 9H10 starting on day 12 did not show any effect on TSA tumor growth, similarly to what was observed when 9H10 was started on day 14 (Figs. 2 and  3A) . Importantly, administration of 9H10 on days 12, 15, and 18 did not enhance the inhibition of either the primary or secondary tumors by a single 20-Gy dose, yielding results similar to the delayed administration on days 14, 17, and 20 (Fig. 3A) .
Consistent with these results, no significant interaction between 20 Gy and 9H10 started on day 12 was observed (P = 0.21 and P = 0.42 for primary and secondary tumors, respectively). Therefore, the observed differential ability of single-dose and fractionated radiotherapy to induce an abscopal effect (Fig. 2 ) cannot be explained by the 2-day interval between the 20-Gy irradiation and the beginning of immunotherapy.
Next, we tested whether starting 9H10 mAb treatment 2 days before the conclusion of fractionated radiotherapy (day 12), at conclusion (day 14), or 2 days later (day 16) affected the inhibition of tumor growth observed in mice treated with three fractions of 8 Gy. Primary tumor inhibition was significantly enhanced by administration of 9H10 on days 12, 15, and 18, or days 14, 17, and 20 compared with radiotherapy alone (P < 0.001 for both schedules; Fig. 3B ). Although five of six primary tumors completely regressed with three fractions of 8 Gy plus 9H10 started at day 14, and only three of six completely regressed when 9H10 was started at day 12, this difference was not statistically significant (P = 0.08). Likewise, the growth of secondary tumors was significantly inhibited in both groups of mice (P < 0.05 compared with control mice), and there was no significant difference when 9H10 mAb administration was started on day 12 or 14 (P = 0.9; Fig. 3B ). Delaying administration of 9H10 mAb until day 16 reduced the therapeutic effect, with only one of six primary tumors showing complete regression and a reduced growth inhibition of the secondary tumors (Fig. 3B) . This suggests that delaying immunotherapy may reduce its potential benefit. Of note, however, is the fact that complete regression of one secondary tumor was obtained in mice receiving fractionated radiotherapy to the primary tumor even when CTLA-4 blockade was started on day 16, whereas in mice receiving single-dose radiotherapy to the primary tumor, early administration of 9H10 on day 12 did not induce a significant abscopal effect.
Overall, the data indicate that the schedule of administration of 9H10 mAb relative to radiotherapy influences the therapeutic efficacy of this combination treatment. However, the radiotherapy regimen chosen is a fundamental determinant of the ability of the combination treatment to induce an abscopal effect.
Three fractions of 8 Gy are more effective than five fractions of 6 Gy in inducing antitumor immunity in combination with anti-CTLA-4 antibody. The data described above (Fig. 2) suggested that among the two radiotherapy fractionation regimens, the three fractions of 8 Gy protocol was the most effective for induction of the abscopal effect in combination with CTLA-4 blockade. To confirm this and to examine the immunologic mechanisms of the abscopal effect, mice bearing two separate TSA tumors were mock treated or given three fractions of 8 Gy, or five fractions of 6 Gy to the primary tumor, in combination with 9H10 mAb given on days 14, 17, and 20. Radiotherapy plus 9H10 was very effective at inhibiting the growth of the irradiated (P < 0.0001 compared with mock-treated mice for both regimens) as well as nonirradiated (P < 0.0001 for 8 Gy × 3; P = 0.015 for 6 Gy × 5 compared with mock-treated mice) tumor (Fig. 4A) . However, 8 Gy × 3 was significantly more effective than 6 Gy × 5 at inhibiting the growth of both the irradiated (P = 0.038) and nonirradiated (P = 0.014) tumors, and complete regression of primary and secondary tumors was observed more frequently in mice receiving 8 Gy × 3 (Fig. 4B) , supporting a superior therapeutic effect of this regimen when combined with CTLA-4 blockade.
Analysis of secondary tumors for the presence of tumorinfiltrating lymphocytes showed that, whereas in mice treated with radiotherapy and 9H10 as single modalities there was a minimal increase in the number of CD4+ and CD8+ tumorinfiltrating lymphocytes, treatment with 8 Gy × 3 and 9H10 caused a significant (P < 0.05 compared with all other groups) increase in CD4+ and CD8+ tumor-infiltrating lymphocytes (Fig. 5A and B) , suggesting that cell-mediated immunity was responsible for the abscopal effect. Consistent with this interpretation, ex vivo tumor-specific production of IFN-γ by spleen cells was elevated only in mice that were effectively rejecting the secondary tumor (Fig. 5C) . The frequency of CD8+ T cells showing tumor-specific IFN-γ expression after in vitro restimulation with a CTL epitope known to be an immunodominant antigen in TSA cells (15) was also increased in treated mice that rejected secondary tumors but not in those that did not (Fig. 5C and D) .
Collectively, these results show that treatment with fractionated radiotherapy and CTLA-4 blockade induces tumor-specific T-cell responses that, when sufficiently strong, are associated with complete rejection of tumors outside the radiation field.
Fractionated radiotherapy synergizes with anti-CTLA-4 antibody in the MCA38 colon cancer model. To determine whether the same effects of radiotherapy in combination with 9H10 would be seen in a different tumor type growing in mice of a different genetic background, we used the MCA38 mouse colon carcinoma cells injected at two separate sites into C57BL/ 6 mice. On day 12, when both tumors were palpable, mice were randomly assigned to receive mock radiation, a single 20-Gy dose, or three fractions of 8 Gy to the primary tumor as described above (Fig. 1) , and 9H10 was given to half of the mice in each treatment group on days 14, 17, and 20. Similar to what observed in the TSA model, 9H10 administration as single modality did not have any effect on growth of primary or secondary MCA38 tumors (Fig. 6A) . Radiation alone caused a significant (P < 0.0001) growth delay of primary irradiated tumors that was similar at 20 Gy × 1 and 8 Gy × 3, but had no effect on secondary tumors. Addition of 9H10 treatment to mice treated with 8 Gy × 3 significantly improved growth inhibition of primary tumors compared with radiation alone (P = 0.0049) and caused a marked inhibition of secondary tumors (P = 0.0001) (Fig. 6A and B) . The combination of 9H10 with radiation at 20 Gy × 1 failed to significantly enhance the inhibition of primary tumors (P = 0.145) and, although it modestly reduced the growth of secondary tumors, the effect was significantly less than that observed with 8 Gy × 3 + 9H10 (P < 0.0001; Fig. 6A and B) .
Therefore, in the MCA38 model, fractionated more than single-dose radiation triggered an abscopal effect when combined with CTLA-4 blockade.
Administration of 9H10 as single modality did not significantly enhance CD4+ and CD8+ tumor-infiltrating lymphocytes in secondary MCA38 tumors, whereas tumor-infiltrating lymphocytes were markedly increased in mice treated with 8 Gy × 3 + 9H10 (P < 0.05 for both CD4+ and CD8+ T cells compared with control and 9H10 alone; Fig. 6C ). The frequency of CD8+ T cells showing tumor-specific IFN-γ expression after in vitro restimulation with MCA38 cells was also increased in mice treated with 8 Gy × 3 and 9H10, confirming the development of tumor-specific immunity after treatment (Fig. 6D ).
Discussion
In this study, we show in breast and colon carcinoma models that fractionated local radiotherapy to one palpable tumor can synergize with CTLA-4 blockade to induce antitumor T-cell immunity and inhibit a second palpable tumor outside the radiation field. This abscopal effect was not seen with radiotherapy alone. Although localized tumor irradiation by itself has been shown to enhance the generation of tumor-specific T cells in both preclinical models and patients, the therapeutic effects of this response remain undetermined (3, 19) . Clearly, irradiation to the primary tumor was required in our models to induce growth inhibition of the secondary tumors outside the field because CTLA-4 blockade by itself was ineffective (Figs. 2 and 6 ). This is consistent with the hypothesis that radiation-induced immunogenic tumor cell death as well as its induction of danger signals contribute to generate an in situ vaccine (20) (21) (22) . Whereas the response generated is not sufficient to be therapeutically significant, additional immunotherapeutic interventions might enable it to result in meaningful antitumor immunity.
Clinically, radiotherapy is usually given in multiple fractions to identify a compromise that achieves tumor control while enabling repair of damage to normal tissues within the field. Modern technologies enable better visualization and targeting of tumors, with selective concentration of dose distributions to achieve a therapeutic advantage (23) . Our data indicate that a large single dose of 20 Gy was as effective as the two fractionation regimens of 8 Gy × 3 and 6 Gy × 5 at controlling the growth of the irradiated tumor (Fig. 2) . However, the degree to which radiation by itself achieved local tumor control did not predict its ability to synergize with CTLA-4 blockade. Addition of 9H10 mAb to mice receiving 20 Gy did not significantly improve the response, whereas a dramatic improvement in control of both primary and secondary tumors was seen when 9H10 was given to mice treated with either of the two fractionated radiotherapy regimens tested (Fig. 2) . Importantly, the regimen of 8 Gy × 3 was superior to 6 Gy × 5 in the induction of the abscopal effect and of tumor-specific T cells (Figs. 4 and  5C ), suggesting that a specific therapeutic window exists for the optimal use of fractionated radiotherapy in combination with CTLA-4 blockade.
With the use of the B16 mouse melanoma model, Lugade et al. have shown that a single dose of 15 Gy irradiation resulted in priming of tumor-specific T cells in the draining lymph node that was at least comparable with that achieved after a regimen of 3 Gy × 5 fractions (3). We have previously shown in the 4T1 mouse breast cancer model that, although two fractions were better, a single dose of 12 Gy did also synergize with CTLA-4 blockade and induce antitumor CD8 cells capable of inhibiting lung micrometastases (13). It is conceivable that single-dose radiotherapy could promote cross-priming but that the magnitude of the elicited immune response is insufficient at controlling "bulky" palpable tumors, such as the tumors outside the radiation field in the current study.
The mechanisms underlying our finding that single-dose and fractionated radiation differ in their ability to synergize with CTLA-4 blockade warrant further investigation. Interestingly, a recent report analyzing gene expression profiles of breast, prostate, and glioma tumor cells exposed to single-dose (10 Gy) versus fractionated (2 Gy × 5) radiation showed marked differences in the molecular response of these cells to the two regimens both in vitro and in vivo (24) . Among the genes selectively induced by fractionated radiation in all three tumor cell lines were several IFN-related genes, including signal transducers and activators of transcription 1, but their role in promoting inflammation versus radioresistance remains to be clarified (24) .
Antibodies targeting immunomodulatory molecules on T cells to induce or enhance antitumor immunity are finding their way into the clinic. Among them, two CTLA-4-blocking mAbs (ipilimumab and tremelimumab) are at a more advanced stage of testing and have shown some promising results (25) . CTLA-4 blockade has activity as single treatment in melanoma, but the rate of complete response, disease control, and overall survival was improved when it was given together with a cytotoxic agent (26) . No data is currently available on the clinical use of radiotherapy with CTLA-4 blockade, whereas local radiation has been tested in combination with other immunotherapies (27) (28) (29) . The results of these studies are consistent with preclinical predictions and support the hypothesis that local radiation can synergize with immunotherapy to promote antitumor immunity (1) .
The data presented indicate that, in tumors that are refractory to treatment with CTLA-4 blockade alone, the combination with radiotherapy to one tumor site can induce systemic tumor control and, in some cases, complete regression. Importantly, the dose fractionation of radiation can determine the overall efficacy of the combination treatment, an invaluable information in designing the clinical translation of this work.
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